Cyclin-dependent kinase-5 (Cdk5) is required for neuronal survival, but its targets in the apoptotic pathways remain unknown. Here, we show that Cdk5 kinase activity prevents neuronal apoptosis through the upregulation of Bcl-2. Treatment of SH-SY5Y cells with retinoid acid (RA) and brain-derived neurotrophic factor (BDNF) generates differentiated neuron-like cells. DNA damage triggers apoptosis in the undifferentiated cells through mitochondrial pathway; however, RA/BDNF treatment results in Bcl-2 upregulation and inhibition of the mitochondrial pathway in the differentiated cells. RA/BDNF treatment activates Cdk5-mediated PI3K/Akt and ERK pathways. Inhibition of Cdk5 inhibits PI3K/ Akt and ERK phosphorylation and Bcl-2 expression, and thus sensitizes the differentiated cells to DNA-damage. Inhibition of ERK, but not PI3K/Akt, abrogates Cdk5-medidated Bcl-2 upregulation and the protection of the differentiated cells. This study suggests that ERK-mediated Bcl-2 upregulation contributes to BDNF-induced Cdk5-mediated neuronal survival.
Introduction
Cyclin-dependent kinase-5 (Cdk5) was initially identified as a member of the cyclin-dependent kinase family of serine/ threonine kinases based on sequence homology. 1 In contrast to other Cdk family members, however, Cdk5 is not involved in cell-cycle regulation. Cdk5 shows no enzymatic activity as a monomer, but Cdk5 becomes activated once it interacts and forms a heterodimer with its activator p35 (NCK5a, neuronal Cdk5 activator) 2 or p39 (NCK5ai, neuronal Cdk5 activator isoform). 3 Cdk5 is expressed in all tissues, but its kinase activity is predominantly observed in postmitotic neurons of the nervous system 4 because the Cdk5 activators p35 and p39 are expressed almost exclusively in the nervous system. 5 Cdk5 kinase activity has been implicated in neuronal death and survival. Amyloid b-peptide 6 and ischemic insults 7 induce the conversion of p35 to its truncated form p25, which causes apoptotic death of neurons. In contrast, the association of p35 and Cdk5 is required for neuronal survival and is involved in many processes in neuronal differentiation and functions most notably neurite outgrowth, 8 cortical lamination, 9 neuronal migration, 10 motility and adhesion. 11 Cdk5-mediated signals for neuronal survival appear to occur through the activation of phosphatidylinositol-3 kinase (PI3K)/Akt 12 and mitogenactivated protein kinase (MAPK)/extracellular-signal-regulated kinase (ERK) pathway. 13 However, the mechanisms by which Cdk5-mediated pathways modulate apoptotic signals for neuronal survival remain to be investigated.
There are two major signaling pathways that control the initiation of apoptosis: the extrinsic pathway through death receptors-mediated, caspase-8-initiated cleavage of caspase-3 14 and the intrinsic pathway mediated by mitochondria. 15 The intrinsic pathway is triggered in response to a wide range of death stimuli such as DNA damage, hypoxia and withdrawal of growth factors, resulting in the mitochondrial release of cytochrome c. 16 In the cytosol, cytochrome c activates caspase-9, which in turn cleaves caspase-3, leading to apoptosis. 17 The intrinsic pathway is regulated by Bcl-2 family proteins: Bax and Bak induce mitochondrial release of cytochrome c, whereas Bcl-2 and Bcl-X L inhibit its release. 15 DNA-damaging agents have been reported to induce apoptosis in neurons through the intrinsic mitochondrial pathway. 18 Neurotrophins such as nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF) regulate neuronal survival, development and function. 19 Deprivation of neurotrophins activates mitochondrial apoptotic pathway.
(siRNA) inhibits ERK pathway and downregulates Bcl-2 in human neurons, thus rendering them vulnerable to DNA damage. These results suggest that ERK-mediated Bcl-2 upregulation provides one of the molecular pathways by which p35/Cdk5 mediates neuronal survival.
Results
The differentiated neuron-like cells become resistant to DNA-damaging agents Sequential treatment of the human SH-SY5Y neuroblastoma cell line with retinoid acid (RA) and BDNF generates nearly pure populations of human neuron-like cells, thus providing a model for the study of neuronal differentiation and survival. 21 Treatment of SH-SY5Y cells with 10 mM RA in the culture medium containing 10% fetal bovine serum resulted in neurite outgrowth that appeared on day 3 and extended on days 4 and 5 ( Figure 1a) . The cells were then cultured in serum-free culture medium with 100 ng/ml BDNF for an additional 5 days.
This sequential treatment yielded a nearly pure population of differentiated neuron-like cells (SH-SY5Y-N) characterized by abundant neurite outgrowth ( Figure 1a ) and expression of neuronal markers such as neurofilaments and neuron-specific enolase. 21 SH-SY5Y-N cells remained differentiated in the BDNF-containing medium for at the least 3 weeks. In contrast, however, withdrawal of BDNF resulted in a rapid cell death of the differentiated SH-SY5Y-N cells. Approximately, 15 and 45% of cell death were observed in the differentiated cells 24 and 48 h, respectively, after the cells were left in BDNF-free medium, keeping in line with the previous study. 21 These results indicate that the differentiated SH-SY5Y-N cells depend on BDNF for survival.
The differentiated cells were then examined for their vulnerability to DNA-damaging agents, as compared to the undifferentiated cells. Both the differentiated and undifferentiated cells were treated with various doses of camptothecin for 16 h and cell viability analysis showed that camptothecin killed the undifferentiated SH-SY5Y cells in a dose-dependent manner (0.1-300 ng/ml), with an EC50 of 33 ng/ml ( Figure 1b) . In contrast, the differentiated SH-SY5Y-N cells were resistant to camptothecin (Figure 1b) . SH-SY5Y and SH-SY5Y-N cells were then treated with 30 ng/ml camptothecin for various periods of time. The results showed a timedependent cell death of SH-SY5Y but not SH-SY5Y-N cells (Figure 1c) . Finally, the cells were treated with other DNAdamaging agents, etoposide ( Figure 1d ) and cisplatin (Figure 1e ), and the results further confirmed that the differentiated cells are resistant to the DNA-damaging insults.
Mitochondrial apoptotic pathway is inhibited in the differentiated neuron-like cells
There are several lines of evidence that mitochondria play a crucial role for neuronal survival. Camptothecin has been reported to induce apoptosis in rat neurons through activation of mitochondrial pathway. 18 The findings that the differentiated SH-SY5Y-N cells are resistant to camptothecin suggest that RA/BDNF treatment may result in the inhibition of the mitochondrial apoptotic pathways. We therefore conducted systematic experiments to illustrate signal events through which RA/BDNF may modulate the mitochondrial pathway.
It has been shown that p53 is involved in DNA damageinduced apoptosis through the mitochondrial pathway. 22 Western blot analysis revealed an increase in the p53 expression in both SH-SY5Y and SH-SY5Y-N cells in response to camptothecin treatment, suggesting that the p53-mediated pathway may not play a direct role in the protection of the differentiated cells (Figure 2 ). Caspase-8 has been reported to cleave Bid, which then links death receptormediated extrinsic pathway to intrinsic mitochondrial pathway. 23 Western blots detected no caspase-8 protein in either the differentiated and undifferentiated cells (Figure 2 ), which is consistent with a report that human neuroblastoma cells lack caspase-8 expression. 24 Bid cleavage, suggested by the reduced levels of its protein expression (Figure 2 ), was not observed until other caspases were activated in SH-SY5Y cells. The results indicate that the caspase-8-mediated Bid pathway is inactive in the undifferentiated SH-SY5Y cells. 
Bcl-2 protects the differentiated neuron-like cells from camptothecin-induced apoptosis
To explore the molecular mechanisms involved in the mitochondrial inhibition, we examined the roles of Bcl-2 family proteins in camptothecin-induced apoptosis. Bax translocates from the cytosol to the mitochondrial membrane to trigger mitochondrial release of apoptotic factors. 26 Indeed, Western blot analysis of subcellular fractions revealed a decrease of Bax in the cytosol, but an increase of Bax in the mitochondrion in camptothecin-treated SH-SY5Y cells (Figure 3a) . Bak resides in the mitochondrial membrane and Western blots detected Bak in mitochondrial but not cytosolic fractions in both cell types (Figure 3a) . DNA damage-induced activation of the mitochondrial pathway occurs through induction of a conformational change in Bak, resulting in the exposure of the NH 2 -terminus that is normally fold within the Bak protein. were treated with 30 ng/ml camptothecin for the times indicated and subjected to subcellular fractionation. Cytosolic and mitochondrial (mito) fractions were subjected to Western blots using antibodies to Bax, Bak and cytochrome c (Cyto. c). b-actin and COX IV were used as loading controls for cytosolic and mitochondrial fractions, respectively. (b) Flow cytometry analysis of Bak conformational change. SH-SY5Y (left) and SH-SY5Y-N cells (right) were treated as described above and analyzed by flow cytometry using an antibody against the NH 2 -terminus of Bak (dark line). Mouse IgG1 antibody was used as a negative control (grey line) Figure 2 Mitochondrial pathway is inhibited in SH-SY5Y-N cells. SH-SY5Y and SH-SY5Y-N cells were treated with 30 ng/ml camptothecin for the times indicated. SH-SY5Y cells were also treated with 30 ng/ml camptothecin (CPT) for 16 h in the presence of 20 mM pan-caspase inhibitor z-VAD-fmk (zVAD) or caspase-9 specific inhibitor z-LEHD-fmk (zLEHD). The cells were then subjected to Western blot analysis for expression of p53, Bid, and caspase-8, and for the cleavage of caspase-9, caspse-3, PARP and DFF45. Some of the cells were also subjected to subcellular fractionation. The cytosolic fractions that were free of mitochondria were examined by Western blots for the presence of cytochrome c (panel 4). b-actin was used as protein load control Indeed, flow cytometry analysis with the antibody against the Bak NH 2 -terminus revealed the conformational change of Bak in camptothecin-treated SH-SY5Y cells (Figure 3b ). The Bax translocation and Bak conformational change were associated with mitochondrial release of cytochrome c in SH-SY5Y cells after exposure to camptothecin (Figure 3a) .
In contrast, subcellular fractionation analysis revealed neither Bax translocation nor mitochondrial release of cytochrome c in SH-SY5Y-N cells treated with camptothecin ( Figure 3a) ; the results suggest that RA/BDNF treatment may result in the inhibition of Bax and Bak expression and/or apoptotic functions. To test this, we first examined expression of Bcl-2 family proteins and showed a gradual decrease in Bak and increase in Bcl-2 expression during the SH-SY5Y differentiation (Figure 4a and b). Bcl-2 is well known for its role in inhibition of Bax and Bak apoptotic functions: one study has demonstrated that Bcl-2 inhibit Bax conformational change through interaction with Bak. 28 While another study has shown that Bcl-2 prevents Bax translocation from cytosol to mitochondrial membrane. 29 We therefore examined the roles of Bcl-2 in the protection of the differentiated neuronal cells from camptothecin-induced apoptosis.
We first inhibited Bcl-2 expression in SH-SY5Y-N cells with small interfering RNA (siRNA). Two synthetic siRNA duplexes (Bcl-2-siRNA1, Bcl-2-siRNA2) targeting Bcl-2 gene were generated; however, only Bcl-2-siRNA1 inhibited Bcl-2 expression in SH-SY5Y-N (Figure 4c ). SH-SY5Y-N cells were transfected either with Bcl-2-siRNA1 or Bcl-2-siRNA2 as negative control. The results show that Bcl-2-siRNA1 transfection sensitized SH-SY5Y-N cells to camptothecin-induced apoptosis, as observed by the cleavage of caspase-3 and DFF45 (Figure 4c RA/BDNF activates Cdk5-mediated PI3K/Akt and ERK pathways NGF has been reported to upregulate the Cdk5 activator p35 and induce Cdk5 kinase activity in the differentiated PC12 cells. 13 We therefore examined if BDNF induces p35 and Cdk5 protein expression and Cdk5 kinase activity during the SH-SY5Y differentiation. Western blot analysis showed an increased expression of p35, but not Cdk5 during the neuronal differentiation (Figure 6a) . Cdk5 protein was then immunoprecipitated and Cdk5 kinase activity was examined using histon-H1 as a substrate. The activity of Cdk5 kinase was slightly increased by RA treatment, while the RA/BDNF treatment resulted in much higher Cdk5 kinase activity in SH-SY5Y-N cells (Figure 6b and c) . The results indicate that RA/BDNF treatment upregulates p35 and thus activates Cdk5 kinase during the SH-SY5Y differentiation.
Study of PC12 cells has suggested that p35/Cdk5-mediated neuronal survival involves the ERK pathway 13 and PI3K/Akt pathway.
12 ERK activation requires phosphorylation by an upstream activator MAPK/ERK kinase (MEK). 30 Indeed, Western blots detected a significant increase in expression of phosphorylated ERK1/2 proteins in both RA and RA/BDNF-treated cells (Figure 6a ). We then examined the PI3K-mediated phosphorylation of Akt protein. 31 The phosphorylated Akt protein was detected on Western blots in SH-SY5Y cells after RA treatment while the sequential treatment with RA/BDNF resulted in a higher and sustained expression of phosphorylated Akt (Figure 6a ). These results indicate that RA/BDNF activates the ERK and PI3K/Akt pathways during the SH-SY5Y cell differentiation. 
Cdk5-mediates Bcl-2 upregulation through ERK pathway
To define the roles of the PI3K and ERK pathways in Cdk5-mediated neuronal survival, we inhibited Cdk5 kinase activity first with the Cdk5 inhibitor roscovitine 13 and then specifically silenced Cdk5 gene expression with synthetic Cdk5 siRNA. Roscovitine treatment of SH-SY5Y-N cells inhibited Akt and ERK phosphorylation and Bcl-2 expression (Figure 7a) , and sensitized the cells to camptothecin-induced apoptosis, as indicated by caspase cleavage (Figure 7b To differentiate the role of the PI3K and ERK pathway in Cdk5-mediated Bcl-2 upregulation and neuronal survival, we first treated the differentiated cells with the PI3K pharmacological inhibitor LY294002. LY294002 has been shown to have no inhibitory effect on NGF-induced p35/Cdk5 activity. 13 Treatment of SH-SY5Y-N cells with 50 mM LY294002 almost completely inhibited Akt phosphorylation but had no effect on Bcl-2 expression (Figure 8a were treated with 10 mM roscovitine (Ros) and subjected to Western blots for detection of Akt and ERK phosphorylation and Bcl-2 expression (a). SH-SY5Y-N cells were treated with 10 mM roscovitine for 16 h followed by camptothecin treatment for 5 h to detect cleavage of caspase-9 and caspase-3 by Western blots (b) or for16 h to examine cell viability (mean7S.E.M.; n ¼ 6) (c) and to examine cellular apoptosis under microscopy (d). (e-h) Cdk5 siRNA transfection. SH-SY5Y-N cells were transfected with Cdk5 siRNA for 24 h and examined for Cdk5 kinase activity using histon H 1 as a substrate (e). Ckd5 siRNA-transfected cells were treated with camptothecin and examined for protein expression and phosphorylation (f), cleavage of caspases (g) and cell viability (mean7S.E.M.; n ¼ 6) (h) We then treated SH-SY5Y-N cells with PD98059, a specific inhibitor of the MEK1 32 to determine if Cdk5-mediated Bcl-2 upregulation occurs through the ERK pathway. Treatment of SH-SY5Y-N cells with 50 mM PD98059 for 16 h inhibited ERK1/2 phosphorylation as well as Bcl-2 protein expression (Figure 8d) , causing a synergistic effect on camptothecininduced apoptosis, as evident by caspase-3 and DFF45 cleavage (Figure 8e ) and significant cell death (Figure 8f) . Collectively, the results indicate that RA/BDNF-induced Cdk5-mediated upregulation of Bcl-2 expression occurs through the activation of the ERK1/2 pathway. This ERK1/2-mediated Bcl-2 upregulation may provide one of the molecular pathways for Cdk5-mediated neuronal survival.
Cdk5 contributes to BDNF neuroprotection of primary human neurons
These studies of SH-SY5Y cell line suggest that the Cdk5-mediated Bcl-2 expression occurs through ERK pathway during neuronal differentiation. To determine if the Cdk-5-mediated Bcl-2 pathway also plays role in the survival of primary human neurons, we generated enriched (over 90% purity) cultures of human neurons (Figure 9a) , based on the protocols as we previously reported. 33 The human neurons were first treated with various doses of camptothecin and the cell viability assay showed that camptothecin killed primary human neurons in a dose dependent manner with toxicity manifesting at camptothecin concentrations of more than 100 ng/ml (Figure 9b) . Next, we examined the human neurons to determine if Cdk5-mediated ERK and Bcl-2 signal pathway contributes to BDNF-induced neuroprotection of the primary human neurons.
BDNF has been reported to activate ERK1/2 in cortical rat neurons and ERK1/2 activation reaches its peak at 7 h and maintained for 12 h under the BDNF treatment. 34 To examine the role of BDNF-mediated Cdk5 pathway in the survival of human neurons, we transfected the human neurons with Cdk5 siRNA for 24 h to inhibit Cdk5. The Cdk5 siRNAtransfected neurons were then treated with 300 ng/ml BDNF for 6 h and subjected to Western blots analysis. Western blots (Figure 9d ). The Cdk5 siRNA-transfected human neurons were then treated with various doses of camptothecin to determine if the inhibition of Cdk5 renders the human neurons vulnerable to camptothecin. Phase contrast microscopy showed cellular apoptosis (Figure 9a) , Western blots detected cleavage of caspase-3 ( Figure 9d ) and cell viability assay revealed enhanced cell death (Figure 9b and e) in camptothecin-treated human neurons-transfected with Cdk5 siRNA. The results validate the finding observed in the study of SH-SY5Y cells that Cdk5-mediated ERK1/2 and Bcl-2 pathway contributes to BDNF neuroprotection of human neurons against DNA damage-induced apoptosis.
Discussion
Transgenic mice provided the first evidence that p35/Cdk5 kinase activity is required for neuronal survival during the development of the nervous system. 9 Studies of rat neurons in culture have further demonstrated that NGF and BDNF induce p35/Cdk5 kinase activity for neuronal survival. 13 Through a systematic analysis of the interaction between BDNF-induced p35/Cdk5-mediated pathway and camptothecin-induced apoptotic pathway during SH-SY5Y neuronal differentiation, we report here that BDNF-induced p35/Cdk5 activity upregulates Bcl-2 through ERK1/2 pathway during neuronal differentiation and the ERK1/2-mediated Bcl-2 expression contributes to Ckd5-mediated neuronal survival (Figure 10 ).
NGF and BDNF induce p35/Cdk5 kinase activity during neuronal differentiation in culture. 13, 20 We have further shown that BDNF treatment upregulates p35 and activates Cdk5 kinase, thus protecting the differentiated neuron-like cells from DNA damage-induced apoptosis. Inhibition of Cdk5 kinase activity with either its pharmacological inhibitor or synthetic siRNA resulted in vulnerability of the differentiated cells to DNA damage agents such as camptothecin, providing clear evidence that Cdk5 activity is required for neuronal survival during neuronal differentiation. Mature murine cortical neurons 18 and human fetal neurons, as demonstrated in this study, undergo apoptosis after exposure to high toxic doses of camptothecin; however, inhibition of Cdk5 renders the human neurons more vulnerable to camptothecin-induced apoptosis. Clearly, the results presented here demonstrate that Cdk5-mediated signal events play an important role in protection of primary human neurons from DNA damage insults.
NGF activates the PI3K/Akt pathway during PC12 cell differentiation 35 perhaps through Ras and Raf pathway.
19
Cdk5 knockout mice show inhibition of the PI3K/Akt pathway in neurons. 12 Cdk5 phosphorylates the neuregulin receptor ErbB2/3 and thus is involved in neuregulin-induced Akt activity and neuregulin-mediated neuronal survival. 12 An earlier study indicated that Akt phosphorylates Bad, a Bcl-2 family member, for cell survival. 36 In this study, we have shown that BDNF-induced Cdk5 kinase activity upregulated Bcl-2 during the neuronal differentiation. Inhibition of PI3K in the differentiated cells, however, neither prevented Cdk5-mediated Bcl-2 upregulation nor sensitized the cells to the DNA damage-induced apoptosis. Therefore, the BDNF-induced Cdk5-mediated Bcl-2 pathway for neuronal survival occurs through a PI3K/Akt-independent pathway.
Studies of PC12 cells have shown that MAPK/ERK1/2 mediates NGF-induced Cdk5 kinase activity. 13 The finding in this study that inhibition of Cdk5 activity inhibits ERK1/2 phosphorylation further supports the notion that the ERK1/2 pathway involves in the Cdk5-mediated cell signal events. NGF has been reported to activate the Bcl-2 promoter through MEK/MAPK in PC12 cells, 37 while NGF induces Bcl-2 expression in sympathetic neurons through cyclic adenosine monophosphate (cAMP) response element binding protein (CREB)-dependent transcriptional mechanisms. 38 Here, we demonstrate that Cdk5-mediated Bcl-2 upregulation occurs through the ERK1/2 pathway during neuronal differentiation and ERK1/2-mediated Bcl-2 expression contributes to Cdk5-mediated neuronal survival. Clearly, further investigation of the interactions between Cdk5-mediated signaling pathways and apoptotic pathways will shed more light on the molecular mechanisms that control neuronal death and survival during neuronal differentiation and disease.
Materials and Methods

SH-SY5Y cell culture and differentiation
Human SH-SY5Y neuroblastoma cell line (kindly provided by Dr JX Comella, Lleida, Spain) was grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 2 mM L-glutamine, penicillin (20 units/ml), streptomycin (20 mg/ml), and 10% (vol/vol) heat-inactivated fetal calf serum (GIBCO) at 371C in a saturated humidity atmosphere containing 95% air and 5% CO 2 . Cells were differentiated into neuronal phenotype as described previously. 21 Briefly, cells were seeded at an initial density of 10 4 cells/cm 2 in culture dishes and incubated for five days in the medium with 10 mM 13-cis-retinoic acid (RA, Sigma). The cells were then incubated in serum-free DMEM with 100 ng/ml BDNF (Alomone
Bcl-2 Bax/Bak DNA damage apoptosis survival PI3K Figure 10 Schematic diagram of ERK1/2-mediated Bcl-2 expression for BDNF-induced Cdk5-mediated neuroprotection. The BDNF treatment induces p35 expression and thus Cdk5 kinase activation. BDNF activates ERK1/2 and PI3K pathway through Ras and Raf pathway for neuronal survival. 19 Inhibition of p35/Cdk5 prevents ERK1/2 and PI3K activation; the results suggest that Cdk5 is required for ERK1/2 and PI3K activation during the BDNF-induced neuronal differentiation. Inhibition of ERK1/2, but not PI3K, downregulates Bcl-2, suggesting that ERK1/2 pathway mediates Bcl-2 expression. Bcl-2 inhibits Bax and Bak apoptotic functions and thus protects neurons from DNA damageinduced activation of mitochondrial pathway Labs, Har Botzvim Hi-Tech Park, Jerusalem, Israel) for an additional 5 days to generate the differentiated SH-SY5Y-N cells. The differentiated and undifferentiated cells were treated with camptothecin, cisplatin and etoposide (Sigma) in the presence or absence of the caspase-9 inhibitor z-LEHD-fmk (R&D) or the pan-caspase inhibitor z-VAD-fmk (R&D). Cell viability was determined using the trypan blue exclusion assay. The cells were also treated with the Cdk5 inhibitor roscovitine (Sigma), the PI3K inhibitor LY294002 and the MEK1 inhibitor PD98059 (Cell Signaling).
Human neuron culture
Human neuron cultures were prepared from brains of human embryos of 10-18 weeks gestation that were obtained at therapeutic abortions as approved by local institutional ethics committees. 33 In brief, 5-15 g of brain were diced into fragments of 1 mm and incubated for 15 min at 371C in 40 ml PBS containing 0.25% trypsin and 200 mg/ml DNAse I. The suspension was washed through a filter of 130 mM pore size and the filtrate was centrifuged at 1200 rpm for 10 min. The cell pellet was resuspended in PBS and centrifuged again. The cell pellet was suspended and cultured in DMEM supplemented with 10% heat-inactivated fetal calf serum (GIBCO), 0.1% dextrose and antibiotics, and cells were plated directly either into 96 well plates or culture flasks coated with 10 mg/ml polylysine. The cells were cultured for 2 days in cytosine arabinosidecontaining medium and an additional 3 days in the medium free of cystosine arabinoside at 371C in a saturated humidity atmosphere containing 95% air and 5% CO 2 .
Transfection of cDNA constructions and siRNA duplexes SH-SY5Y cells grown to 50% confluency were transfected with Bcl-2 expressing pUSEamp plasmid (Bcl-2/pUSEamp, Upstate, Lake Placia, NY) using LipofectAMINEt Plus (Invitrogen). Two Bcl-2 siRNA duplexes (Bcl-2-siRNA1:
0 -AGUCAUCCACAGGGCGAUG-5 0 ) were synthesized, purified and annealed by Qiagen-Xeragon (Germantown, USA). The siRNA duplex targeting Cdk5 (Smartpoolt) and nonspecific control of siRNA were purchased from Upstate Biotechnology (Dharmacon). SH-SY5Y-N cells and human fetal neurons were transfected for 24 h with 2 mg of each siRNA using the TransMessenger transfection reagent following the manufacturer's protocol (Qiagen). The cultures were then treated with chemotherapy agents and subjected to Western blot and cell death analyses.
Cdk5 kinase assay
Cdk5 proteins were immunoprecipitated from cells using polyclonal rabbit anti-Cdk5 antibody (c-8; Santa Cruz Biotechnology, Santa Cruz, USA). Briefly, a total volume of 50 ml of kinase assay mixture containing 10 ml washed Cdk5 protein beads (Protein G-Sepharose; Amersham Biotech) in 20 mM MOPS (pH 7.4) with 1 mM EGTA, 1 mM dithiothreitol, 20 mM MgCl 2 and 100 mM ATP plus 10 mg of histon-H1 and 5 mCi [g-32 P]ATP was assembled. After incubation for 30 min at 30 1C, the reaction was terminated by spotting 30 ml of the reaction mixture on P81 phosphocellulose pads (Upstate) that were washed five times with 0.75% phosphoric acid followed by rinsing with acetone. Radioactivity was measured with a liquid scintillation counter.
Flow cytometry
Cells (10 6 ) treated with camptothecin were harvested, washed and incubated for 40 min at 41C with either mouse IgG1 antibody as a negative control or a mouse monoclonal antibody against Bak N terminus (AB-1, Oncogene; diluted 1:50 in 100 mg/ml digitonin in PBS). After being washed with PBS, the binding of antibody was visualized with FITC-conjugated antimouse-IgG (1:200) (Sigma), and 10 000 cells were analyzed. The data were processed using Cell Questt software (Becton and Dickinson).
Subcellular fractionation
Subcellular fractionation was performed based on our protocol. 39 Subconfluent cells treated as indicated in the RESULTS were harvested, and the cell pellet was suspended in 5 volumes of isotonic buffer (10 mM HEPES-KOH (pH 7.5), 210 mM mannitol, 70 mM sucrose, 1 mM Na-EDTA, and 1 mM Na-EGTA) supplemented with 1 mM phenylmethylsulfonyl fluoride and protease inhibitor mixture. The cells were incubated on ice for 15 min and passed through a 22-gauge needle 15 times. After centrifugation twice at 700 Â g for 10 min at 41C, the supernatant was collected and centrifuged at 13 000 Â g for 10 min at 41C. The resulting mitochondrial pellets were suspended in lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 2 mM EDTA, 10% glycerol, 1% Triton-X 100, 1 mM PMSF, and 0.2% protease inhibitor cocktail). The supernatants of the 13 000 Â g spin were further centrifuged at 100 000 Â g for 1 h at 41C, and the resulting supernatants were designated as the S-100 cytosolic fractions. The protein concentrations in the cytosolic and mitochondrial fractions were determined by the Bradford assay (Bio-Rad), and equal amounts of mitochondrial and cytosolic proteins were subjected to Western blot analysis.
Western blots
For Western blot analysis, 39 cells were harvested and lysed in a cold lysis buffer (50 mM Tris (pH 7.4), 150 mM NaCl, 2 mM EDTA, 10% glycerol, 1% Triton X-100, 1 mM PMSF and 1% protease inhibitor mixture). The cell lysates were centrifuged for 15 min at 18 000 Â g at 41C, supernatants were collected and protein concentrations in the supernatant were determined by the Bio-Rad protein assay (Bio-Rad Laboratories). The cell lysates (50 mg), as well as the cytosolic or mitochondrial fractions (10 mg) from the subcellular fractionation were subjected to SDS-polyacrylamide electrophoresis and transferred to nitrocellulose membranes. The membranes were blocked in TBS-T (Tris-buffered saline with 0.05% Tween-20) containing 5% milk and blotted overnight with various primary antibodies. The membranes were washed and incubated for 1 h with either horseradish peroxidase (HRP)-conjugated goat anti-mouse or goat antirabbit antibodies (Southern Biotech, Birmingham). The membranes were washed and developed by chemiluminescence. Mouse monoclonal antibodies used in this study included anti-human caspase-8 (Medical & Biological Laboratories, Nagoya, Japan), and cytochrome c oxidase IV (Molecular Probes, Eugene, USA). Rabbit polyclonal antibodies included anti-human caspase-3, DFF45, ERK1/2 (StressGen, Victoria), Bid (Biosource International Inc., Camarillo), Bak, cytochrome c (Upstate Biotechnology, Lake Placid), Bcl-2, Bax, Cdk5, p35, b-actin (Santa Cruz Biotechnology, Santa Cruz), p53, p-ERK1/2, p-Akt, Akt (Cell Signaling), Bcl-X L and PARP-1 (Biomol, Plymouth Meeting). Densitometric analysis of protein expression levels was performed with UVP Bioimaging Systems (UVP Inc., Upland, CA).
